We have examined the transcriptional regulation of the 70-kDa (70K) heat shock gene family following infection of human and monkey cells with four different DNA viruses: adenovirus type 5 (Ad5), herpes simplex virus type 1 (HSV-1), simian virus 40, and vaccinia virus. Our results indicate that induction of these genes is not a general response to the stress of viral infection but is instead a highly specific response, both with regard to the inducing virus and with regard to the target gene. Of three 70K heat shock genes examined, only hsp70 was induced during viral infection, and induction occurred only after infection by Ad5 and HSV-1. As revealed by genomic footprinting analysis, the mechanism of transcriptional activation of hsp70 during Ad5 or HSV-1 infection does not involve changes in the avidity of binding of basal transcription factors to the hsp70 promoter. In HSV-1-infected HeLa cells, transcriptional activation of hsp70 was quite transient, following which transcription was rapidly repressed; this was accompanied by the release of bound factors from the hsp70 promoter. In addition to the selectivity which characterizes the viral activation of hsp70 transcription, our results indicate that the consequences of this activation, as measured by changes in hsp70 mRNA levels and protein synthesis, are also virus specific.
Induction of stress genes following viral infection of cells in culture has been widely observed. Both DNA and RNA viruses have been reported to induce such genes in a wide variety of cell types (9, 26, 27, 28, 31, 39, 44, 47) . There has been considerable interest in the significance of the elevated expression of stress proteins in infectious disease, e.g., as markers of disease or as determinants in the etiology, progression, or immunological status of the disease. This interest has been heightened by the recognition that products of stress genes not only protect cells from environmental stress but also play major roles in a variety of fundamental biological processes such as protein folding (4) and translocation (7, 12, 25, 42) and the assembly/disassembly of macromolecular complexes (18) . This recognition expands the potential implications of the virus-induced stimulation of stress gene expression. In addition to considering such induction as a defensive response of the host to the physiological disruption of virus infection or as a sensitivity of certain host genes to viral signalling, it is also quite possible that these genes are induced because sufficient levels of their products are vital to the successful outcome of a viral infection. It has, on the other hand, also been suggested that increased expression of stress proteins in virus-infected cells may alert the immune system to the presence of a viral infection (61) . These issues, as well as the utility of this system for studying viral effects on host gene expression, provide the impetus for continued examination of the phenomenon of stress protein induction during virus infection.
Several viruses have been reported to activate members of the 70-kDa (70K) family of stress genes, which include hsp70, a highly heat inducible member, grp78 (Bip), a gene whose product is localized to the endoplasmic reticulum, and p72 (hsc70, clathrin-uncoating ATPase). Induction of * Corresponding author. hsp70 in adenovirus (Ad)-infected HeLa cells has been well documented and characterized (26, 59) . Increased synthesis of hsp70 has also been reported in simian virus 40 (SV40)-infected CV1 cells (28) , as have elevated levels of hsp70 RNA in SV40-infected HeLa cells (52) . There have also been numerous reports of accumulation of 70K stress proteins in several different cell lines during herpes simplex virus (HSV) infections. The initial study used an HSV-1 temperaturesensitive mutant in the immediate-early protein ICP4. Infection with this mutant virus at the nonpermissive temperature, which resulted in the overproduction of all of the viral immediate-early proteins, including mutant ICP4, also led to increased synthesis of host heat shock proteins (39) . A later report demonstrated that the overproduction of an abnormal form of ICP4, rather than the presence of wild-type HSV-1 proteins, was in fact responsible for induction of stress protein synthesis in this system (46) . Another series of studies used as probes monoclonal antibodies made against host DNA-binding proteins which were purified from HSV-2-infected BHK cells. These investigators reported increased levels of 57 to 61K heat shock proteins, whose identity is unclear, in both HSV-1-and HSV-2-infected cells (27, 31) . Another member of the herpesvirus family, human cytomegalovirus, has been reported to induce expression of hsp70 in human foreskin fibroblasts (47) . The paramyxoviruses SV5 and Sendai virus were reported to induce expression of grp78 in infected cells (44) , and the transcriptional induction of grp78 following SV5 infection of CV1 cells has recently been further characterized (56a) .
A consideration of the published literature, which consists primarily of isolated studies focusing on a single virus and host cell, prompted us to undertake a comprehensive study of the activation of the 70K family of human heat shock genes during infection of primate cells by DNA viruses. Specifically, we have concentrated on the transcriptional induction of these genes, in host cells which are fully permissive for infection, by DNA viruses which are members of four different viral classes: AdS, HSV-1, SV40, and vaccinia virus. One of our primary goals was to determine the specificity of viral induction, i.e., to establish within a single study which members of the 70K heat shock gene family were induced by each virus. Our data indicate that there is a high degree of specificity to induction of heat shock genes by DNA viruses: hsp70 is the only member whose transcription increases upon infection, and in our hands such enhancement is observed only during infection with AdS and HSV-1. These results were then used as a basis for genomic footprinting studies to examine possible mechanisms of hsp70 activation during viral infection.
MATERIALS AND METHODS
Cells and virus. HeLa cells, monkey CV1 cells, and 293 cells, a human embryonic kidney cell line transformed by and expressing the El region of Ad5 (20) , were maintained as monolayers in Dulbecco modified Eagle medium (DME) supplemented with 5% calf serum. IC4 cells (6), a HeLa derivative obtained by transformation with a mouse mammary tumor virus-ElA chimeric gene such that ElA expression is dexamethasone inducible, were a generous gift of A. Berk and were maintained as monolayers in DME containing 10% fetal bovine serum and 200 ,ug of G418 per ml.
AdS strain d1704 (phenotypically wild type) was propagated and titered on HeLa cells and was used as a crude lysate. HSV-1 (KOS) was kindly supplied by P. Spear and was used either as a crude lysate or after dextran purification (with equivalent results). Vaccinia virus (WR), originally obtained from B. Moss, was purified on sucrose gradients and generously provided by R. Paterson. SV40 wild-type strain 830 was grown and titered on CV1 cells and was used as a crude lysate. For infections, HeLa or CV1 cells were plated at a density of 1.8 x 106 cells per 100-mm dish or 7.0 x 105 cells per 60-mm dish 36 h prior to infection and were subconfluent at the time of infection. Medium was removed, saved at 37°C, and replaced with 1.0 ml (100-mm dishes) or 0.4 ml (60-mm dishes) of virus, which was diluted in serumfree DME to yield a multiplicity of infection of 10. Virus adsorption was allowed to proceed for 1 h at 37°C, following which spent medium was returned to the dishes. Mock infections were carried out by using either serum-free DME or lysate prepared from mock-infected cells.
IC4 cells were plated at a density of 3 x 106 cells per 100-mm dish 18 h prior to treatment with dexamethasone, which was added to the culture medium as an ethanol solution (final concentrations, 0.1% ethanol and 10-6 M dexamethasone). Measurement of transcription rates. Isolation of nuclei and transcription run-on analysis were done as previously described (36) . Nuclei from 1.5 x 107 to 2.0 x 107 cells were used in each analysis. The following plasmids or plasmid fragments were immobilized on filters and hybridized to labeled transcripts: pH2.3 (human hsp70 [58] ); pUC 801, kindly provided by L. Weber (human hsp90a [22] ); pHG23.1.2 (human grp78 [55a] ); pHA7.6 (human p72 [23a] ); pBR322 (vector); pHFPA-1 (human ,B-actin [21] ); tkLS-119/ -109 (HSV-1 tk [34] ); KpnI-BamHI fragment of pJYM (SV40 early region [24] ); and XbaI-XhoI fragment of pA5130 (AdS E3 region [5] ).
Analysis of RNA levels. Isolation of cytoplasmic RNA, RNA dot blot analyses, and S1 nuclease protection assays were done as previously described (56, 58) . 32P-labeled probes for dot blot analysis were prepared by nick translation of plasmids described above. For Si nuclease analysis of hsp70, a probe 5' end labeled at the BamHI site (+ 153) of hsp70 was used; for analysis of ElA, the probe was 5' end labeled at an XbaI site (nucleotide 1340) in exon 2 of the AdS ElA gene (6) .
Analysis of protein synthesis rates. For labeling of HeLa cells during adenovirus or HSV-1 infection, cells in 60-mm dishes were washed and then incubated in methionine-free DME containing [35S]methionine (15 p.Ci/ml) for 1 h. For labeling of CV1 cells during SV40 infection, cells were washed and incubated in DME containing 1/17 the normal concentration of methionine, [35S]methionine (60 ,uCi/ml), and 2.0% calf serum for 6 h. Labeled proteins were analyzed by isoelectric focusing in the first dimension (ampholytes, pH 5 to 7) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis in the second dimension (40) .
Gel mobility shift assay. Conditions for the gel shift assay, a description of the 32P-labeled heat shock element (HSE) oligonucleotide, and preparation of whole-cell extracts were as previously published (36) .
Genomic footprinting analyses. Genomic footprinting c. samples taken during virus infection of HeLa cells wi performed as previously described (1) . Briefly, four 100-mndishes of infected cells were trypsinized, pooled, resus pended in a small volume of DME plus 5% calf serum, and exposed to dimethyl sulfate (DMS). Genomic DNA was isolated, and genomic footprinting was performed by using a ligation-mediated polymerase chain reaction-based method (37) . Duplicate samples were analyzed at each time point. Primers which allowed visualization of the DMS reactivity patterns upstream of nucleotide +48 on the coding strand and downstream of nucleotide -131 on the noncoding strand were described previously (1) .
RESULTS
Specificity of transcriptional activation. HeLa cells were infected with AdS, HSV-1, or vaccinia virus, and monkey CV1 cells were infected with SV40, in order to determine whether, under conditions of a fully lytic infection, there is specificity with respect to which of these DNA viruses can induce 70K heat shock genes and which of these genes is virus inducible. At selected times during infection, nuclei were harvested for use in transcription run-on assays. Sampling times, which varied with the virus, were chosen so as to obtain samples prior to and during the early phase of viral infection as well as during the late phase of infection, when viral replication and expression of viral late proteins was occurring. Samples were also harvested at each time point from mock-infected cells (Fig. la) ; frequently, although not consistently, mock infection resulted in a mild (usually approximately twofold) and transient transcriptional induction of hsp70.
As has been previously reported by our laboratory and others, the transcription rate of the hsp70 gene in HeLa cells increased during the early phase of Ad infection (26, 59 l . -HSV
FIG. 1. Run-on analysis of transcription of the indicated genes in mock-infected HeLa cells (a), AdS-infected HeLa cells (b), HSV-1-infected HeLa cells (c), vaccinia virus (VV)-infected HeLa cells (d), and SV40-infected CV1 cells (e) and run-on analysis of hsp7O
transcription in Ad-and HSV-1-infected CV1 cells (f). Column numbers indicate the time (hours postinfection) at which nuclei were harvested for run-on analysis. At the initial time point shown for each experiment in panels b to f, the transcription rates of the hsp7O, grp78, p72, and ,-actin genes were indistinguishable from those in mock-infected cells from the same experiment. There was, however, variation between experiments in the relative transcription rates of these four cellular genes at the initial time point, the basis for which is not clear. Labeled transcripts were hybridized to plasmid DNA immobilized on nitrocellulose. Values for transcription rates were from laser densitometry of autoradiographs or from scanning and quantification of the filters with a Molecular Dynamics 400A Phosphoimager. Within each experiment, transcription rates were normalized to the value at the initial sampling time.
p.i., following which transcription of hsp70 was repressed, coincident with a generalized shutoff of host transcription which virtually abolished transcription of the p72, grp78, and ,-actin genes by 11 h p.i. Repeated infections with HSV-1 revealed no consistent activation of either p72 or grp78. These results constitute the first unequivocal demonstration of activation of hsp7o during infection by wild-type HSV-1.
Induction of hsp70 transcription is not a general response of HeLa cells to viral infection, however. Infection of HeLa cells with vaccinia virus did not activate transcription of any of the 70K heat shock genes examined (Fig. ld) , although the efficacy of the infection was apparent both in a rapid rounding up of the infected cells and by a change in the pattern of protein synthesis from host to viral proteins (data not shown).
It has been previously reported that the synthesis of monkey hsp70 increases following infection of CV1 cells with SV40 (28); this was later suggested to be due to large-T-antigen-mediated transactivation of the hsp70 promoter (29) . We have consistently failed to detect transcriptional induction of any of the 70K genes during the first 36 h of infection, despite abundant transcription of the SV40 early region encoding large-T and small-t antigens (Fig. le) . (Transcriptional induction of the ,-actin gene during SV40 infection was consistently observed, however.) Furthermore, the relative rates of transcription of hsp70, p72, and grp78 in COS7 cells, which constitutively express large-T antigen, were similar to those in CV1 cells, suggesting that the expression of large-T antigen in COS7 cells does not selectively enhance expression of any single member of the 70K family (Fig. le) . The monkey hsp70 gene is virus inducible, however, since activation was observed following infection of CV1 cells with Ad5 or HSV-1 (Fig. lf) .
It thus appears that of the four DNA viruses examined, only AdS and HSV-1 activate transcription of any of the 70K heat shock genes during infection of permissive host cells, and this activation is selective for hsp7o. Previous reports from our laboratory and from other investigators have suggested that the adenovirus transactivator ElA mediates induction of hsp70 transcription, since Ad mutants which fail to synthesize ElA, and specifically the product of the ElA 13S mRNA, also fail to activate hsp70 transcription during infection (26, 59) . To directly establish that ElA, in the absence of other viral proteins, is sufficient to induce transcription of the endogenous hsp70 gene, we used a cell line, IC4, in which expression of ElA is dexamethasone inducible (6) . As shown in Fig. 2, induced Although transcriptional activation of hsp70 during HSV-1 infection is less clearly defined, it exhibits two properties which implicate the viral immediate-early gene products as inducers. First, activation of hsp70 did not occur when HeLa cells were infected in the presence of cycloheximide, indicating a requirement for new, presumably viral, protein synthesis. Second, the kinetics of hsp70 activation paralleled that of the HSV-1 thymidine kinase gene (Fig. lc) , which requires immediate-early proteins for its expression (23, 32) .
Activation of HSF. During heat shock or upon exposure to other conditions which result in protein damage, transcriptional induction of the human hsp7O gene is mediated by a specific heat shock transcription factor (HSF), whose activation can be monitored by gel retardation assay (19, 36) . To establish whether HSF activation could be detected during infection by Ad or HSV-1, gel shift assays were used to monitor levels of activated HSF in extracts of infected cells.
Although activated HSF was never detected during infection of HeLa cells with HSV-1, low levels of the activated factor, which were first detectable at 3 h p.i., were consistently detected in Ad-infected HeLa cells (Fig. 3a) .
The kinetics of appearance of activated HSF in Adinfected HeLa cells, coupled with a previous observation in our laboratory (44a) that in 293 cells, which constitutively express ElA and EBB, HSF is constitutively activated in the absence of heat shock, suggested the possible involvement of ElA in the activation of HSF. This possibility was especially intriguing in view of recent speculations that HSF may be held in an inactive form by interaction with other cellular proteins (8) and by a recent report that ElA is able to activate the cellular transcription factor E2F by disrupting a complex which maintains E2F in an inactive state (3). However, examination of IC4 cells, induced to express ElA at levels equivalent to those in 293 cells, failed to reveal detectable levels of activated HSF. The mechanism by which HSF is activated during Ad infection is thus not yet understood.
The presence of low levels of activated HSF in Adinfected HeLa cells also raises the issue of its possible contribution to the transcriptional induction of hsp70. In this regard, our failure to observe activation of hsp9o during Ad infection should be noted (Fig. 3b) . The lack of induction of another HSF-responsive gene would argue against a significant contribution to hsp70 induction by the low levels of HSF present during Ad infection. This argument is strengthened by the observation that HSF levels are still rising at 12 h p.i., at which time hsp7O transcription has peaked and is declining (Fig. 3) .
Genomic footprinting of the hsp7O promoter during Ad and HSV-1 infection. To explore possible mechanisms of virusmediated transcriptional activation of hsp70, we performed in vivo genomic footprinting to examine interactions of factors with the hsp7O promoter at selected time points during infection of HeLa cells with Ad or HSV-1. Such an analysis has been previously conducted using the Ad E2A promoter; the results indicated that ElA-mediated transcriptional induction of the viral gene did not perturb the binding of factors to E2A promoter elements (13) . There (Fig. 5a ). When the noncoding strand was examined, a hypersensitivity at G-95 was seen in Ad-infected, but not mock-infected, samples at 9 and 12 h p.i. This hypersensitivity, which is the most sensitive diagnostic feature of HSF binding (1), was much less intense than the hypersensitivity observed for a sample of HeLa cells heat shocked at 42°C for 40 min ( Footprinting of the coding strand of the hsp70 promoter during HSV-1 infection (Fig. 6a) revealed that no changes in factor binding could be detected at 3 and 5 h p.i., when transcriptional activation was peaking (Fig. 6b) . However, at 7 and 10 h p.i., when host transcription, including that of the hsp70 gene, was repressed, a release of bound factors from the promoter was quite apparent. This was most dramatic in the case of the Spl site: in the 10-h mock-infected sample, there was a characteristic set of three protections and a single hypersensitivity, indicative of a bound factor. In contrast, the pattern in this region in the 10-h HSV-infected sample closely resembled that of naked DNA, indicating little if any bound protein at this site (Fig. 6a) . Decreases in factor binding to the CCAAT and TATA sites were concurrently observed. Footprinting of the noncoding strand showed, as expected from gel shift analysis, no occupancy of the HSE in any of the HSV-1-infected samples (data not shown). Although this analysis (summarized in Fig. 4) (Fig. 9) . We also included a sample of uninfected COS7 cells. As is apparent from this analysis, synthesis of hsp70 in both mock-infected CV1 cells and COS7 cells was virtually undetectable, although heat shock strongly induced hsp70 synthesis (Fig. 9) shocked at 42°C for 5 or for 40 min (HS) is included in this set. The star denotes hypersensitivity to methylation. Although the overall intensity of bands in the lanes representing DNA from Ad-infected cells at 9 and 12 h p.i. is higher than in adjacent lanes, the indicated guanine residue in these samples was judged to be hypersensitive on the basis of its intensity relative to the intensity of the adjacent guanine residues. this gene (but not of hsp70) occurs during infection of CV1 cells with the paramyxovirus SV5 and is associated with a high flux of the viral HN glycoprotein through the endoplasmic reticulum (56a). During HSV-1 infection, there is abundant production of several viral glycoproteins without activation of grp78 transcription.
Although it has been reported that infection of monkey CV1 cells with SV40 resulted in an increase in the synthesis rate of hsp70 (28), nuclear run-on analysis performed in our laboratory has consistently failed to reveal transcriptional induction of hsp70 (or of grp78 or p72) during the first 48 h of SV40 infection. Although it is possible that a difference in viral strain or a cell line variation is responsible for the disparity between our data and previously reported results, nuclear run-on analysis and two-dimensional gel analysis using COS7 cells also suggest that large-T antigen does not enhance expression of the endogenous hsp70 gene.
Our results thus suggest that transcriptional induction of hsp7O by DNA viruses may be limited to those viruses encoding immediate-early proteins with promiscuous transactivating capabilities. Although SV40 large-T antigen is sometimes classified as a promiscuous transactivator, in the VOL. 65, 1991 context of a natural infection it need only be capable of transactivating the single SV40 late promoter. This is in contrast to the situation for Ad and HSV, in which the immediate-early protein(s) must transactivate multiple viral early and late promoters with disparate compositions and organizations. Pertinent to this point was a study by Everett and Dunlop (15) which contrasted the ability of HSV-1 and Ad to transactivate a variety of plasmid-borne promoters with the inability of SV40 to induce expression from these same promoters. Vaccinia virus, which also failed to induce hsp7O transcription, does not utilize the host transcriptional machinery and carries out a productive infection without entering the nucleus (35) , so that transactivation of host promoters by viral products is unlikely. Vaccinia location of the gene, its chromatin structure, or the positions of nuclear matrix-associated regions within or adjacent to the gene constitute features which are recognized by viral transactivators. In the case of Ad, attachment of the termini of the viral genome to the nuclear matrix is required for transcriptional activation by ElA (48) . Alternatively, there may be a special feature of the assembled transcription initiation complex or the initiation process itself which allows hsp7O to respond to viral inducers.
Mechanism of transactivation of hsp7O by ElA. Results of cotransfection studies (57) and of previous experiments employing the E1A-mutant d1312 (26) and 12S and 13S mutant viruses (59) , and the high constitutive expression of hsp7O in 293 cells, had all implicated the product of the ElA 13S message as the transactivator of hsp7O. The IC4 cell line, in which ElA is dexamethasone inducible, has allowed us to demonstrate that activation of the endogenous gene can be effected by ElA in the absence of an accompanying viral infection. This is especially valuable in the case of hsp70, whose expression is extremely sensitive to environmental perturbations.
In an attempt to identify promoter elements which confer ElA responsiveness, our laboratory has previously carried out an extensive 5' deletion and linker scanner mutation analysis of the proximal region of the hsp7O promoter, which was linked to a reporter gene and cotransfected into HeLa cells with an ElA-expressing plasmid (57) . Results obtained with the series of 5' deletions indicated that sequences upstream of the CCAAT element at -74 did not contribute to ElA inducibility. Our conclusion from studies of the linker scanner mutants was similar to conclusions drawn from similar studies on ElA responsive-adenovirus promoters: no single element is responsible for ElA transactivation, and ElA may be acting through a basal transcription complex whose composition can vary. However, other models, which invoke ElA-mediated modifications or increases in concentrations of cellular factors or which suggest that specific factors, especially ATF, are targets for ElA action, also have experimental support (11, 17, 33, 38, 45 
